HIV establishes a latent reservoir early in infection that is resistant to anti-retroviral therapy and has a slow rate of decay. It is thought that the majority of HIV DNA in treated patients is integrated since unintegrated HIV DNA appears to be unstable. Thus, to monitor the HIV latent reservoir, total HIV DNA is commonly measured in PBMC from infected individuals. We investigated how often total approaches integrated HIV DNA in treated patients. To do this, we first assessed how accurate our integration assay is and determined the error in our measurements of total and integrated HIV DNA. We demonstrated an excess of total over integrated HIV DNA was present in a subset of patients, suggesting that measurements of total HIV DNA do not always correlate to the level of integration. Determining the cause of this excess and its frequency may have important implications for understanding HIV latent reservoir maintenance.
Introduction
Integration into the host cell genome is a fundamental characteristic of retroviruses. Although some gene expression occurs from unintegrated retroviral DNA, integrated DNA serves as the main template for efficient gene transcription and viral replication (AnsariLari et al., 1995; Cara et al., 1995; Coffin, 1997; Engelman et al., 1995; Englund et al., 1995; Sakai et al., 1993; Stevenson et al., 1990a,b; Wiskerchen and Meusing, 1995) . This characteristic allows the provirus to be stably expressed by the host machinery and to persist in the infected cell indefinitely. This is particularly important for the survival of HIV in infected individuals. By integrating its genome, HIV can be persistently produced from cells that are resistant to the cytopathic effects of viral replication as occurs in macrophages (Ho et al., 1986; Igarashi et al., 2001; Nicholson et al., 1986; Swingler et al., 2007) . Integrated HIV can also remain in a latent state indefinitely, without producing infectious virions, as occurs in resting CD4+ T cells (Bukrinsky et al., 1991; Chun et al., 1995b) . This latent form of infection has a very slow apparent rate of decay in infected individuals receiving highly active anti-retroviral therapy (HAART) (Finzi et al., 1999; Han et al., 2007; Stevenson, 2003) . Because latent provirus does not produce significant amounts of new particles, it is assumed to be resistant to drug treatment and immune surveillance (Colin and Van Lint, 2009; Fischer et al., 2008) . The pool of resting CD4+ T cells harboring latent provirus forms early during initial infection of a host and represents a major obstacle for the eradication of virus from infected patients (Chun et al., 1998) .
Given the importance of integration for HIV replication and persistence in the host, measuring this step in the viral life cycle accurately is essential to have a better understanding of HIV biology and pathogenesis. Measuring integration is instrumental for determining how the reservoir of latently infected resting cells forms and how it is maintained. It may also be valuable for monitoring viral replication in combination with other measurements, such as total viral DNA, and for monitoring the effect of therapy on the size of the latent reservoir. A sensitive assay for measuring integration could also help reveal cells that may harbor viral reservoirs but at lower levels than memory CD4+ T cells.
Our group developed a quantitative assay for measuring integration based on Alu-PCR and repetitive sampling (O'Doherty et al., 2002; Yu et al., 2008) . The assay is sensitive and the detection limit is defined by the number of replicates performed. We routinely detect integration at levels near 1 in 10,000 in HIV infected samples by performing 42 replicates. This sensitivity makes the assay suitable for the detection of integration in samples both inoculated at very low inoculum in vitro and from infected individuals undergoing combination therapy (Agosto et al., 2007; Yu et al., 2008) . This assay incorporates a polyclonal integration standard that parallels the diversity of integration sites found in natural infection to add accuracy to the measurement (Brussel and Sonigo, 2003; Butler et al., 2001; O'Doherty et al., 2002; Yu et al., 2008) . Virology xxx (2010) xxx-xxx Some studies suggest that total HIV DNA can be used as an estimate of the reservoir in patients on HAART (Chomont et al., 2009; Koelsch et al., 2008) . The rationale is that total HIV DNA should approach the level of integrated HIV DNA in patients on HAART since unintegrated HIV DNA has a short half-life in vitro (Koelsch et al., 2008) . In order to determine if an excess of total HIV DNA exists in some patients on HAART and to determine if the excess of total DNA is not due to measurement error, we decided to determine the accuracy of our integration assay. In the present study, we demonstrate that our integration estimates are accurate and precise by comparing the level of integration detected by quantitative PCR to the proportion of HIVpositive clones obtained after single-cell cloning of a population of infected cells. We go on to provide evidence that in some patients on HAART, with undetectable plasma viral loads, there is a difference between the levels of total and integrated HIV DNA. Therefore, measuring total HIV DNA is not always a suitable estimate of the levels of integrated HIV DNA and by analogy it is not always a suitable correlate of reservoir size in patients receiving HAART. Based on these findings, we conclude that an accurate measure of integrated HIV DNA is a better indicator of reservoir size than total HIV DNA measurements.
Results

Accuracy of Alu-PCR integration assay
The assay for measuring HIV integration involves two amplification reactions: an end-point PCR amplification and a kinetic PCR amplification (O'Doherty et al., 2002) (Fig. 1A) . The pre-amplification step targets integrated HIV specifically by amplifying the region between HIV gag and the nearest Alu repeat (see relative primer locations in Fig. 1B) . Alu repeats are the most common repetitive elements in the human genome with a frequency of one copy everỹ 3000 base pairs (Jelinek and Schmid, 1982; Mighell et al., 1997) . Given that HIV integrates at various distances relative to Alu, the distance between integrated HIV and the nearest Alu site determines the limit of detection of the pre-amplification step. The assay described is capable of detecting HIV integration when it occurs within a few thousand base pairs (2-5 kb) of the nearest Alu site (Agosto et al., 2007) . Following this pre-amplification step, part of the reaction product is further amplified in a second reaction that is specific for HIV-containing amplicons. This nested-kinetic amplification recognizes the R-U5 region of the HIV long terminal repeat (see Fig. 1 . Overview of integration assay, lentiviral vector and complementary method to measure integration. (A) Nested Alu-PCR was used for measuring integration in samples of CEM-SS inoculated in vitro. The assay involves an initial end-point PCR amplification of the region between gag and the nearest human Alu repeat, followed by a kinetic PCR amplification of the HIV-containing products of the first reaction. (B) The lentiviral vector used for our inoculations is the HIV-based lentiviral vector, VRX494 Lu et al., 2004) . The primers used for PCR and their relative priming sites are outlined and described below the figure. (C) A complementary method to measure integration was performed by inoculating CEM-SS cells with VRX494 at two different viral dilutions. At 18 h post-inoculation the cells were separated into two aliquots: (i) measure integration by nested Alu-PCR and (ii) plated at 0.3 or 1 cell/well in round bottom 96-well plates until colonies grew. Colonies were isolated approximately 2 weeks later and tested for the presence of HIV DNA by late reverse transcription kinetic PCR.
relative primer location in Fig. 1B) . The distribution of cycle thresholds (calculated from the amplification curves) of each reaction (see amplification example in Fig. 2A ) is used to estimate the number of integration events in the unknown sample by comparing the cycle threshold to a standard curve generated using the integration standard (Agosto et al., 2007) . This standard is polyclonal, to reflect the diversity of integration sites that occur in vivo, and contains one integration event per cell. For an integration signal to be considered positive, the average Alu-gag signal must be greater than the gag-only signal (compare Fig. 2A to B) . The gag-only control is included to approximate the signal expected when all the DNA is unintegrated.
We determined the accuracy of the Alu-PCR integration assay by comparing the level of integration estimated by nested Alu-PCR to the proportion of HIV positive clones after single-cell cloning, both obtained from the same sample of cells inoculated with HIV (Fig. 1C) . To do this, a CD4+ T cell line (CEM-SS cells) was inoculated at two dilutions of the HIV-based lentiviral vector VRX494 (Fig. 1B) and incubated at 37°C. We chose to transduce the CD4+ T cell line with a gene therapy vector to avoid the toxicity of virally encoded genes and to ensure that only one round of infection occurred. We previously titered our virus on the CEM-SS cell line and used viral inoculums that should yield~1 and~0.2 proviruses/cell. At 16 h post-inoculation, an integrase inhibitor was added to prevent further integration events. Cells were then incubated for an additional 2 h at 37°C to allow sufficient time for the integrase inhibitor to be internalized by the cells before cloning the cells at limiting dilution. We measured integration 2 h before, at the time of cloning (18 h) and 6 h after cloning to demonstrate that the integrase inhibitor effectively inhibited integration at the time of cloning. In Fig. 4 , we compare the level of integration obtained at 18 h with the level obtained by cell cloning. As a negative control, CEM-SS were inoculated in the presence of integrase inhibitor and were kept exposed to the drug throughout the time course.
We show the level of integration at 0, 16, 18, and 24 h postinoculation for two viral inoculations (Fig. 2C, D) . The level of integration appears to decay over time in the cells inoculated at a lower dose. This could be due to slight overgrowth of the uninfected cells after 16 h. This seems reasonable since at higher inoculum, when practically all the cells were infected, we did not see this decay. Alternatively, it may represent error in our assay. The actual level of integration measured by our Alu-based PCR assay for the top dilution at 18 h post-inoculation was 1.1 proviruses/cell and 0.39 provirus/cell for the bottom dilution (Fig. 4B ) or 0.22 (Fig. 4A ). At this point, an aliquot of cells was cloned in 96-well plates at on average 1 cell per well (Figs. 3 and 4B) or 0.3 cells per well (Fig. 4A ). Colonies of~10 5 cells grew after incubating for 2 weeks. The cloning efficiency was 60% when we plated at approximately 1 cell per well, which is close to the expected 63% based on the Poisson distribution (Fig. 3) . Thus, the viral inoculum and the integrase inhibitor had a minimal effect on the cloning efficiency when compared to uninfected or untreated controls (Fig. 3) . The clones were analyzed for the presence of total HIV DNA (see relative primer position in Fig. 1B ), until at least five colonies were positive for HIV DNA. The majority of the HIV-positive signals were between 0.1 and 1 SST/cell (see distribution of values in Supplemental Figure 1 ). The range of values below 1 SST/cell can be explained by the possibility that integration may have taken place during the G 2 stage of the cell cycle, which has been shown to be the stage at which integration is most efficient (Groschel and Bushman, 2005) . At this stage of the cell cycle, a CEMss cell would have~4 sets of chromosomes and only one set would harbor integrated HIV DNA.
Although HIV integration appears to only have a minimal effect on cloning efficiency (Fig. 3) , it is possible that the daughter cells We then sought to determine if the two methods of quantitation would yield similar results. We found when we plated cells at 0.3 cells per well (single cell cloning conditions) and with a low proviral level (0.22 proviruses per cell by our Alu-PCR based assay), both methods gave similar results (Fig. 4A) . We obtained 0.22 proviruses per cell by our integration assay and 0.17 (17%) of clones were positive for HIV by single cell cloning. We also cloned the cells at higher levels of integration (1.1 proviruses per cell and 0.39 proviruses per cell) and at a higher concentration of cells (on average 1 cell/well) (Fig. 4B) . We found that 56% of the nonempty wells were positive for HIV at 1.1 proviruses per cell and~23% were positive at 0.39 proviruses per cell by counting the number of nonempty wells that were positive for HIV. At these higher inoculums, we needed to perform two corrections before we could compare the two methods: we needed to first compensate for multiply infected cells and then to compensate for the increased probability of multiple clones per well. We did not need to make these corrections, when we cloned the cells at 0.3 cells/well with 0.22 proviruses per cell since the chance of multiply infected cells and multiple clones per well was low. In Supplement 2, we provide a detailed description of how we converted the proviruses per cell as estimated by Alu-PCR to the predicted percentage of nonempty wells that were positive for HIV. Briefly, we converted the proviral number to the expected number of clones that would be infected which was then converted to the number of nonempty wells expected to be positive for HIV (Fig. 4B) . Finally, we normalized the number of nonempty wells that were positive for HIV to the level of infection by dividing by the number of reverse transcripts present at the time of cloning. We averaged these measurements and performed a Student's t-test and found the measurement by both methods were not significantly different (Fig. 4C ).
An excess of total DNA is present in a subset of patients receiving HAART Because unintegrated HIV DNA has a short half-life in vitro, it stands to reason that the level of total HIV DNA could approach the level of integrated HIV DNA after prolonged HAART. In other words, the ratio of total over integrated should approach 1. Studies support that this indeed occurs at least in some patients on HAART (Chomont et al., 2009; Koelsch et al., 2008) . We wanted to determine how often total HIV DNA and integrated HIV DNA are equivalent in patients after at least 1 year of suppressive HAART therapy. To do this, we needed to account for measurement errors of total HIV DNA and integrated HIV DNA since some elevated ratios could be due to measurement error. To determine the error in our measurements, we used our integration standard, which was designed to have a ratio of 1 total HIV DNA per integrated DNA since all the HIV is integrated in our standard (Agosto et al., 2007) . Thus, any variation from this value would be due to errors. To mimic the conditions in a patient sample, we diluted our integration standard so that there was 1 integration standard cell in 10,000 uninfected cells. Total DNA and integrated HIV DNA were measured seven times. The ratio of total DNA over integrated DNA obtained was 0.93 ± 0.40 (Table 1) . Because the levels of total DNA were measured independently from the levels of integrated HIV DNA, it is not completely appropriate to match any individual measurement of total HIV DNA with any individual measurement of integrated DNA. For this reason, we also calculated the average total and the average integrated HIV DNA and then calculated the ratio of total over integrated. We also calculated the standard deviation using a formula for propagating error in quotients (Lindberg, 2010) . Using this method, we obtained a ratio of total over integrated of 0.8 ± 0.5. Finally, we also combined every permutation of total over integrated measurements from our seven replicates and found that the ratios ranged from 0.3 to 1.9 with a 96% confidence interval of 0.4 to 1.9. Thus, all three methods gave similar confidence intervals. We decided conservatively, that a ratio greater than 2.1 (p b 0.01, using the standard deviation from our most conservative estimate in Table 1) would be indicative of a true excess.
We evaluated if the estimate of total HIV DNA correlates with the level of integrated DNA in PBMC from closely monitored individuals receiving suppressive HAART. The patients have been on HAART for at least a year on an efavirenz-based regimen along with two to three nucleoside analogs ( Table 2 ). The patients sustained undetectable viral loads (b75 RNA copies/ml) for at least a year and the viral load was monitored every 3 months prior to PBMC sample collection and analysis. We then measured integration by Alu-PCR in samples from patients on HAART. We found a significant excess of total HIV DNA in three out of seven patients (Fig. 5) , suggesting that the total HIV DNA levels do not always correlate with the level of HIV integration in patients on HAART. Our results also suggests that excesses of total over integrated DNA may occur commonly in treated patients which may have implications for understanding latency and reservoir maintenance in the presence of effective therapy.
Discussion
Many studies have measured integration in patient samples providing useful information about the pathogenesis of HIV (Chun et al., 1995a (Chun et al., , 1997 Ibanez et al., 1999; Izopet et al., 2002; Ostrowski et al., 1999 ). We recently also described an assay that was suitable for clinical samples (Liszewski et al., 2009b; Yu et al., 2008) . In the present study, we set out to determine the accuracy and precision (error) of our integration assay and applied it to samples from HIV infected patients on HAART to determine how frequently an excess of unintegrated HIV DNA can be detected. While our prior work demonstrated that our integration assay can discriminate between integrated and unintegrated HIV DNA (Yu et al., 2008 ), here we demonstrate that our Alu-PCR integration measurement is accurate by comparing it to the proportion of HIV DNA-positive clones after single cell cloning. This indicates that our Alu-PCR provides reliable measurements of integration from samples obtained from HIVinfected patients or from cells inoculated in vitro. Using this assay, we demonstrate that in a subset of patients on suppressive HAART there is an excess of unintegrated HIV DNA. Table 1 Calculating the measurement error of total over integrated HIV DNA, to determine the ratio that indicates real excesses of unintegrated HIV DNA. In this experiment, a master stock of our integration standard (IS) diluted in PBMC DNA was used to mimic a patient sample (1 copy of IS in 10,000 PBMC). DNA corresponding to 2 × 10 6 cells, 1 × 10 6 and 0.2 × 10 6 was assayed for total DNA (SST/cell) 7 times with 10 replicates per assay. DNA corresponding to 7.5 × 10 3 cells was assayed for integrated DNA seven times with 42 replicates per assay. The assays were then paired in the order that they were performed. These pairings were then averaged and the standard deviation was calculated. Using these numbers, we calculated that a significant excess occurs when the ratio is greater than 2.0 (using 2.58 standard deviations, for a p = 0.01). We also averaged the measurements for total HIV DNA and divided that number by the average number of proviruses and then calculated a standard deviation. Using this method, we calculated that a significant excess occurred when the ratio was greater than 2.1 (i.e. 2.58 standard deviations above the mean, p = 0.01).
Experiment number
HIV copies per 10,000 cells (n = 10) a CD4 cell count (cells/ml) was monitored every 3 months for the length of the study (12 months). b CD4 cell count (cells/ml) at the time of sample collection for PCR analysis (12 months). c Nadir count (cells/ml) detected at least 7 months prior to starting in the study. d Viral load (RNA copies/ml) was measured every 3 months for the length of the study. Viral load was never detected above the limit of detection (75 copies/ml). e Efavirenz (EFV), Abacavir (ABC), Zidovudine (ZDV), Lamivudine (3TC), Stavudine (d4T), Didanosine (DDI), Tenofovir (TDF).
Fig.
5. An excess of total DNA exists in a subset of patients receiving HAART. Total (SST) and integrated DNA were measured in PBMC samples from patients on HAART. The numbers above each black bar represents the ratio of total DNA over integrated DNA. The numbers with asterisks indicate measurements that show a true excess of unintegrated HIV DNA. These ratios are greater than 2.58 standard deviations above the integration standard ratio for a p N 0.01. We measured 15,000 genomes per well to measure integration (7500 cell equivalents). We measured 0.2-2 × 10 6 cell equivalents for total, depending on sample availability. Error bars represent the standard deviation of 3 measurements of total DNA and 42 measurements of integrated DNA.
Many exciting approaches for stimulating out reservoirs are being investigated (Coiras et al., 2009; Colin and Van Lint, 2009; Dahl and Palmer, 2009) . As eradicating HIV reservoirs becomes a goal and as treatments that target reservoirs become available, it will become even more important to accurately measure the reservoir. HIV integration levels may be a good surrogate marker for reservoirs and therefore measuring integration accurately could be used to monitor treatments that target reservoirs. As therapies are in development, ideally we would want sensitive assays able to detect small changes in reservoir size; an assay with a small error would be able to detect smaller changes. We found in some patients on HAART the level of total HIV approached the level of integrated HIV DNA consistent with previous work (Chomont et al., 2009; Koelsch et al., 2008) . However, we also found patients where total was in excess of integrated. Given that excesses do occur in some patients, we suggest measuring total HIV DNA in patients receiving HAART is not always representative of viral reservoirs.
Measuring total HIV DNA in PBMCs from patients is one of the common methods for monitoring reservoir size. However, as shown here, there is variability in the level of total DNA relative to the level of integrated DNA. Another method employed for estimating the size of the reservoir is the infectious units per million-assay (IUPM) (Siliciano and Siliciano, 2005) . This method involves serial dilution of stimulated PBMC from an infected individual followed by culturing the diluted cells in the presence of activated CD4+ T blasts. The IUPM assay, while powerful, is costly, laborious, with inherently wide errors, and thus, not ideal for monitoring the reservoir size in HIV infected individuals routinely. Therefore, we propose that measuring integration may be a more feasible method for routinely monitoring the effect of treatment on reservoir size. This method could also be employed for determining if novel drugs that target the reservoir directly, such as histone deacetylase inhibitors, can decrease the level of integration over time as an indirect measure of reservoir size (Archin et al., 2009; Lehrman et al., 2005) . However, because the number of replication competent proviruses has been estimated to be far less than the quantity of integrated HIV DNA, it is possible that the reservoir size would not correlate with the number of integration events. Future work will be required to determine if measuring integration correlates with reservoir size as measured by the Infectious Unit Per Million (IUPM) assay. Nonetheless, we reason measuring total and integrated HIV DNA may still be useful since excesses of unintegrated HIV DNA may be physiologically relevant. It is currently unclear what an excess of unintegrated HIV DNA indicates or what processes lead to the excess. Because total DNA has a short half-life in vitro (Koelsch et al., 2008) , this excess of total DNA over integrated DNA may represent new rounds of infection, as previously proposed (Koelsch et al., 2008) . This would suggest that some low level of viral replication might be taking place in some patients despite suppressive therapy. This low level of ongoing viral replication could contribute to the replenishment of the latent reservoir in at least a subset of patients (Buzon et al., 2010; Ramratnam et al., 2000; Ramratnam et al., 2004) . Any level of viral replication would have to be quite low, because several studies indicate that drug resistance does not frequently develop on HAART (Hermankova et al., 2001; Persaud et al., 2004 ) and viral evolution cannot be detected in many patients on HAART Nettles et al., 2004; Nottet et al., 2009; Shen and Siliciano, 2008; Tobin et al., 2005) . Alternative explanations, such as undetected viral blips or undetected low level viremia and 2-LTR circles that have accumulated over time prior to the initiation of therapy, could also account for this excess of total HIV DNA. Some studies suggest these 2-LTR forms are more stable forms at least in vitro (Butler et al., 2002; Pierson et al., 2002) and thus could potentially accumulate in vivo, though there is also evidence that these forms may be less stable in vivo than in vitro (Sharkey et al., 2005) . More work would be required to determine the true nature of this excess of total HIV DNA, under what circumstance does it occur and how often does it occur. If this excess represents new rounds of replication, monitoring the level of both integrated and total HIV DNA using assays similar to the ones that we described could be useful as a cost effective, sensitive and reliable method for detecting ongoing replication in patients receiving HAART.
Materials and methods
Cell line and virus
The CD4+ T lymphoblastoid cell line CEM-SS, a subclonal cell line derived from the CEM cell line (Foley et al., 1965; Nara and Fischinger, 1988) , was maintained at 1-5 × 10 5 cells/ml. The culture medium used to maintain the cells was RPMI 1640 (Invitrogen) supplemented with 10% heat inactivated FBS (Invitrogen) and 100 μg/ml of penicillin-streptomycin (Mediatech Inc.). The lentiviral vector VRX494 was pseudotyped with VSV-G and was donated by VIRxSYS Lu et al., 2004) .
Cell inoculations
The cells were inoculated with VRX494 in 48-well flat-bottom plates at 5 × 10 5 cells/ml by spinoculation (1200 × g, 25°C, 2 h) Measuring total and integrated HIV DNA Total HIV DNA represents the level of reverse transcripts that have completed the second strand transfer step (SST). Total HIV DNA was measured by kinetic PCR in 20 μl reaction volumes, following the conditions and protocol previously described (Swiggard et al., 2005) . The following primers were used: HIV-U5 Forward primer 5′ GCCTCAATAAAGCTTGCCTTGAGTG-3′ and HIV-gag reverse primer 5′ CAGCAAGCCAGATCCTGCG-3′. The kinetic PCR probe used is 5′FAM-CCAGAGTCACACAACAGACG-TAMRA 3′. HIV integration was measured following the conditions and protocol previously described (Agosto et al., 2009 ), but using different primers which are described in O' Doherty et al. (2002) . For the patient samples a slightly different protocol was used as described (Liszewski et al., 2009a,b) . Cell numbers were estimated by measuring the number of β-globin copies per DNA sample by kinetic PCR (O'Doherty et al., 2000) . In our previous study (Agosto et al., 2007) , we reported that 25 μl at 2 μg/ml was equivalent to 15,000 genomes, which is equivalent to 7500 diploid cells. In our prior paper, we occasionally substituted the word "cells" incorrectly when we intended the word "genomes" since there are two genomes per diploid cell. The kinetic PCR instrument used is the ABI 7500 Fast Real-Time PCR System.
Single-cell cloning
At 18 h post-inoculation, an aliquot of cells was diluted to 10 or 3 cells/ml. A 100 μl of this diluted cell aliquot was plated in 96-well round bottom plates to obtain on average 1 or 0.3 cells per well. Colonies were allowed to grow for~2 weeks in the presence of integrase inhibitor, reaching a density of~10 4 -10 5 cells/well. Cells from individual wells were collected and DNA was purified using the QIAamp DNA Micro Kit (Qiagen). The DNA samples were then assayed for HIV late reverse transcripts. Colonies were assayed for HIV late reverse transcripts until at least five colonies were positive. A signal was considered positive for HIV DNA if the level was above the detection limit of the total DNA assay (0.0001SST/cell), when DNA from 10 4 cells were assayed in duplicate.
Data analysis
Microsoft Excel was used for data analysis and the statistics software MyStat 12 was used to prepare the box plot shown in Supplemental Figure 1 .
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